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esponsibility of ChinAbstract Hydrogen-trapping sites were directly observed by using a three-dimensional atom probe
(3DAP) in high-strength mooring chain steel. Three typical 3DAP datasets show that trapping hydrogen is
mainly enriched in retained austenite, and secondarily in carbides. In addition, these interfaces between
ferrite and carbide are segregated by phosphorus, but do not admit hydrogen.
& 2013 Chinese Materials Research Society. Production and hosting by Elsevier B.V. All rights reserved.1. Introduction
The worldwide increasing demand for oil and gas requires more
energy source at deepwater locations. Moored ﬂoating vessel has
offered an attractive solution of oil and gas discovery in a range of
water depths. To ensure the safety of ﬂoating, the mooring systemearch Society. Production and hostin
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ese Materials Research Society.needs not only high strength, but also good resistance to marine
corrosion. R4 structural steel is known as having major applica-
tions in manufacturing components for a unit of offshore mooring
systems [1,2]. The R4 steel is now being developed for higher
strength in case of meeting advanced ﬂoating vessels by different
heat treatment [2]. However, as is known to all, high strength
steels are easy to exhibit hydrogen-induced embrittlement and the
probability of embrittlement rises with the increase of strength.
Besides, hydrogen may form as a by-product produced by the
cathodic reactions in marine corrosion. Therefore, the researches
of hydrogen-induced failure are paramount to the development of
structural steel and safe engineering design of mooring systems.
Since hydrogen in trapping state may be innocuous to environ-
mental degradation [3], the distribution of trapping sites for
hydrogen and their effects on fracture should be elucidated ﬁrst.g by Elsevier B.V. All rights reserved.
Direct observation of hydrogen-trapping sites in newly developed high-strength mooring chain steel by atom probe tomography 447Many observation techniques have been developed to investi-
gate the distribution of trapped hydrogen in steel, such as tritium
high-power high-resolution autoradiography (HPRA) [4,5], hydro-
gen microprint techniques (HMT) [6,7] and so on. HPRA shows
the actual distribution of trapped hydrogen (tritium) in martensite,
microtwins, dislocations, microprecipitates etc. The theoretical
resolution of HPRA is about 0.15 μm [6]. HMT is simpler, faster
and more accurate compared with HPRA. HMT can reveal
variations in the concentration of hydrogen atoms in relation to
microstructural features in steels. The theoretical resolution of
HMT is about 0.04 μm, but the experimental resolution is only
0.25 μm [6]. Applying such techniques, some conclusions have
been drawn. In ferritic or martensitic materials [5], hydrogen is
preferentially located on martensite–martensite, martensite–ferrite,
or ferrite–carbide interfaces. Moreover, pearlite colonies, grain
boundaries and chromium carbide precipitates are preferential
trapping sites. The nitride precipitates do not admit hydrogen. In
austenitic stainless steels [5], the most frequently observed
trapping sites for hydrogen are dislocations. Trapping sites on
grain boundaries are observed only on points where a dislocation
pile-up or an ε platelet reaches the grain boundary. Chromium and
titanium carbides are scarcely observed as hydrogen trapping sites.
However, despite the supposition that the inside of the particle,
the matrix–particle interface, or the coherent particle surrounded
by the strain ﬁeld are trapping sites [8,9], the lack of spatial
resolution makes it difﬁcult to determine these hydrogen trapping
sites associated with nano-sized precipitates. Thus, with steels,
there are still more subtle effects which have not been entirely
characterized before. Atom probe tomography (APT) would be a
good tool for nano-scale visualization of hydrogen distribution in
steel due to its fairly high spatial resolution and comparatively low
specimen temperature [10]. Gemma et al. [11] had observed a high
concentration of deuterium atoms in vanadium layers of
deuterium-loaded Fe/V multilayer through APT analysis, where
hydrogen in vanadium has a high solubility and negative heat of
solution. Takahashi et al. [12,13] have moreover observed hydro-
gen trapping sites in precipitation-hardening steel containing nano-
sized TiC or VC precipitates and have concluded that the
deuterium atoms are on the broad surface of TiC or VC platelets,
which indicates that the broad interface between the matrix and
TiC or VC is the main trapping site.
Virtually every vacuum system has a detectable amount of
hydrogen (2 amu), water (18 amu), carbon monoxide (28 amu) and
carbon dioxide (44 amu) using the Residual Gas analysis [14], but
hydrogen gas will be difﬁcult to dissociate on the surface below
100 K [14] while the three-dimensional-atom-probe (3DAP) mea-
surement temperature is 60–100 K. Residual gas molecules H2
may condense around the 3DAP specimen tip at 100 K, however
in the 3DAP analysis, a voltage is applied to the specimen and
then increases steadily, gas molecules on the surface of the
specimen can be ﬁrst pulled off from the positively charged
specimen, and afterwards, signals were collected. Therefore, the
adopted signal in the 3DAP analysis reﬂects the surface atoms
other than gas molecule adsorbed on the needle tip surface [10].
Furthermore, the hydrogen-trapping density of free surface is threeTable 1 Chemical composition of the high-strength mooring chain
Fe C Si Mn P S
94.41 1.01 0.59 1.00 ≤0.07 ≤0.0orders of magnitude lower than that of carbides such as Fe3C [15]
and the base hydrogen cannot result in an obvious difference in
hydrogen concentration related to microstructure. In a word, the
aim of this work is to directly observe these possible hydrogen-
trapping sites using 3DAP in this newly developed high-strength
mooring chain steel.2. Experimental
The steel was received from Special Steel Branch, Baoshan Iron &
Steel Co., Ltd. The chemical composition is shown in Table 1. The
steel was solution-treated at 920 1C and annealed at 620 1C.
Thin foils for transmission electron microscope (TEM) observa-
tions were prepared using twin-jet polishing technique with an
electrolyte containing 6 ml HClO4 and 94 ml ethanol. A JEM
2010F TEM was used to observe the microstructure.
The content of hydrogen was measured by TCH 600. The
specimens with section of ∅6 mm 50 mm were prepared
through electric-discharge machine and polished by ﬁner abrasive
paper. The ﬁrst one was measured directly (designated as
received). The second one was measured after hydrogen was
charged by cathodic charging at 2.8 mA/cm2 for 3 h at ambient
temperature and was then fully discharged in parafﬁn at room
temperature (at least discharged for more than 10 h after no
bubble) (designated as H-discharged). The electrolyte was the
solution mixture of 1 N H2SO4 and 0.05 g/l NaAsO3 (as a
hydrogen recombination poison). The third one was measured
after introducing hydrogen through electropolishing procedure as
preparing sharp needles in 3DAP experiment below (designated as
electropolishing). The value of each specimen was the average of
three replicate analyses.
Hydrogen-trapping sites were detected by 3DAP. The speci-
mens for 3DAP were ﬁrst cut out from the heat-treated ingot as
square rods of approximately 0.5 0.5 20 mm3, and then
electro-polished to sharp needle-shaped specimen [16]. Atom
probe analyses were performed at tip temperature of 60–100 K
under ultra high vacuum (o2 10−8 Pa) with a pulse fraction (a
ratio of pulse voltage to the static voltage) of 0.2 and a pulse
repetition rate of 2 KHz.3. Results and discussion
The microstructure of this steel is very homogeneous and primarily
consists of tempered martensitic microstructure with ﬁne carbides
precipitated within the martensite laths and at the lath boundaries.
The prior austenite grain size is about 20 μm. From TEM
observation (Fig. 1a), the rod-like carbides (about 300 17 nm2)
are mainly distributed at the lath boundaries and also shown in
Fig. 1c. The corresponding selected area electron diffraction
(SAED) pattern obtained from the carbide with [101] zone axis
parallel to the incident electron beam is shown in Fig. 1d.
Those carbides can be indexed as M3C carbides based on the
SAED patterns. The other ﬁne carbides (about 27 nm) are shownsteel (at%).
Cr Ni Mo Al V
7 1.70 0.75 0.23 0.08 0.07
Fig. 1 (a) TEM bright-ﬁeld image shows the types of carbides; (b) TEM dark-ﬁeld image shows the ﬁne carbides in the α-Fe; (c) TEM dark-ﬁeld
image of the rod-like carbide M3C precipitates along the α-Fe boundary and (d) the corresponding electron diffraction patterns from [101] zone
axis of the carbide in (c); and (e) possible retained austenite scatters at some lath boundaries (white arrow).
Table 2 Hydrogen contents in each condition.
Condition As-received H-discharged Electropolishing
Hydrogen content (ppm) o0.2 ppm 0.6 ppm 1.0 ppm
X.Y. Cheng et al.448within the martensite laths and also revealed in dark-ﬁeld image as
shown in Fig. 1b. These carbides should be M7C3 according to
time–temperature–precipitation diagram [17] and can be conﬁrmed
later in 3DAP. Fig. 1e also exhibits lath boundaries bright-ﬁeld
image. At some lath boundaries scatters possible retained austenite
ﬁlm besides the rod-like carbides.
To investigate possible hydrogen-trapping sites, trapping sites
should be ensured to be occupied by hydrogen even under
ultra-high vacuum. The condition of H-discharged is similar tothat under ultra-high vacuum at room temperature. Contents of
hydrogen on each condition measured by TCH 600 are listed in
Table 2. There is a 0.6 ppm H in the specimen which cannot
diffuse out at room temperature for more than 10 h in parafﬁn. In
addition, polishing procedure can introduce hydrogen as much as
1.0 ppm. Therefore, the possible trapping sites in needles used in
3DAP (analyzed after) would be full of hydrogen. That is to say
trapping sites were full of hydrogen after electropolishing proce-
dure and the hydrogen was not easy to diffuse out at room
Direct observation of hydrogen-trapping sites in newly developed high-strength mooring chain steel by atom probe tomography 449temperature even under ultra-high vacuum. It is similar to the
previous report [3] that the irreversible trapped hydrogen in high-
strength low alloyed steel can maintain at 2.7 ppm at room
temperature over 1200 h.
To illustrate hydrogen-trapping sites clearly, only important
elements associated with hydrogen-trapping sites, such as H, P, CFig. 2 3D elemental maps and a composition proﬁle, which show one ki
indicate these interfaces; vertical dash lines indicate interfaces between bo
Table 3 Composition corresponding to the right selected box in C m
Fe Si Mn H Al
Ion number 1888 6 153 3 0
Atom number 1888 6 153 3 0
Atom fraction 52.50 0.17 4.25 0.08 0
Error 0.87 0.08 0.37 0.05 0.00
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Fig. 3 Partial mass spectrum corresponds to (a) the right selected box inand Cr are shown in the 3D elemental maps. The bold arrow points
out the needle apex direction. Fig. 2 exhibits a simple 3DAP
mapping in the present high-strength mooring chain steel, which
only includes one kind of carbide and circumjacent α-Fe. The
composition corresponding to the right selected box
(3.45 3.80 2.00 nm3) in C map is listed in Table 3. The ion8.8×9.8×19 nm3
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C map of Fig. 2 and (b) the right selected box in H map of Fig. 4.
X.Y. Cheng et al.450number in Table 3 is decided by the ratio of mass to charge
according to the mass spectrum (Fig. 3a) obtained from this box
and only the monomer ion is considered. Hence, the carbon count
of ion number is only calculated by monomer carbon ions at 6, 12,
18, 24 and 36 amu. In fact, dimer ion (C2
+), trimer ions (C3
2+, C3
+),
and even tetramer ion (C4
2+) may appear. After being amended by
18(C3
2+), 24(C2
+), 36(C3
+), the number of carbon was revealed in
atom number, and atom fraction was recalculated. The average
carbon atom fraction in the carbide is 28.89%. Because the
uncertain carbons such as 12(C2
2+) and 24(C4
2+) are not calculated,
the carbon fraction may be still on the low side. According to the
error relative to M7C3 stoichiometric composition (3.7%), conclu-
sion can be drawn that the carbide is M7C3. The carbide keeps
accordant with the TEM result as shown in Fig. 1b.
From the mass spectrum of this box, as shown in Fig. 3a (taken
off background signal), it displays only one peak at 1 amu (H+)
expressing H atom, and no peak at 2 amu (H2
+) denoting the
residual hydrogen gas adsorbing on needle surface as mentioned
before. For a more convenient comparison, the composition
corresponding to the left selected box (6.08 7.21 9.80 nm3)
in H map of Fig. 2 is listed in Table 4. It is noteworthy that H
atoms enrich slightly in the carbide (0.08 at% H in the carbide and
0.03 at% H in the matrix α-Fe) rather than concentrate around it.
However, P atoms are obviously segregated at the interfaces
between carbide and matrix. This can be seen more clearly in
composition proﬁle which corresponds to the selected box
(2.44 2.69 9.22 nm3) perpendicular to the interface in P mapTable 4 Composition corresponding to the left selected box in H m
Fe Si Mn H Al
Ion number 32845 294 172 11 14
Atom fraction 97.41 0.87 0.51 0.03 0.0
Error 0.09 0.05 0.04 0.01 0.0
H 
C 
Fig. 4 3D elemental maps, which do not
Table 5 Composition corresponding to the right selected box in H
Fe Si Mn H Al
Ion number 11280 129 72 51 3
Atom fraction 94.13 1.08 0.60 0.43 0.03
Error 0.21 0.09 0.07 0.06 0.01of Fig. 2. It seems reasonable that because phosphorus atoms have
strong tendency to segregate to grain boundaries, which causes
temper embrittlement and deteriorates impact toughness [18,19].
Hydrogen atoms are also known to be trapped easily by structural
defects due to their extremely low solubility in iron lattice. The
most commonly recognized structural defects that have strong
hydrogen-trapping effects are grain boundaries, dislocations,
carbides and microvoids [20]. Here, carbides are hydrogen-
trapping sites.
Fig. 4 shows another simple 3DAP mapping in this high-
strength mooring chain steel, which includes no carbide, but
contains composition change. A marked hydrogen-rich region was
revealed. However, P atoms are depleted in the same region. From
the mass spectrum of the right selected box in H map of Fig. 4 (see
Fig. 3b), it also displays only one peak at 1 amu (H+) and no peak
at 2 amu (H2
+) as the result in Fig. 3a. The composition
corresponding to this selected box is listed in Table 5. For direct
comparison, the composition corresponding to the left selected box
in C map of Fig. 4 is listed in Table 6. The H atom fraction in the
right region (0.43 at% H) is more than 40 times larger than that in
the left region (0.01 at% H). C and Cr atoms are segregated in the
right region in some sort. But the fraction of C in the left region is
much higher than the C solubility in matrix α-Fe. It is possibly
associated with some small carbide such as VC as arrowed in C
map of Fig. 4. Furthermore, other alloying elements, such as Si,
Ni, and Mn are more or less uniformly distributed in both phases.
According to previous atom probe studies of medium-carbon steelsap of Fig. 2.
C Cr P Mo V Ni
6 157 5 39 7 167
4 0.02 0.47 0.01 0.12 0.02 0.50
1 0.01 0.04 0.01 0.02 0.01 0.04
P 
Cr 
6.8nm×6.7nm×18.3nm
show uniform distribution of hydrogen.
map of Fig. 4.
C Cr P Mo V Ni
53 199 4 44 3 146
0.44 1.66 0.03 0.37 0.03 1.22
0.06 0.12 0.02 0.06 0.01 0.10
Table 6 Composition corresponding to the left selected box in C map of Fig. 4.
Fe Si Mn H Al C Cr P Mo V Ni
Ion number 26113 295 132 4 19 91 293 35 96 21 320
Atom fraction 95.24 1.08 0.48 0.01 0.07 0.33 1.07 0.13 0.35 0.08 1.17
Error 0.13 0.06 0.04 0.01 0.02 0.03 0.06 0.02 0.04 0.02 0.06
FeC
H P 
7.2nm×7.4nm×15.7nm
Fig. 5 3D elemental maps, which show one kind of carbide, α-Fe and interfaces. The arrows in P map and dash lines in H and P maps indicate
these interfaces.
Table 7 Composition corresponding to the right selected box in C map of Fig. 5.
Fe Si Mn H Al C Cr P Mo V Ni
Ion number 20192 42 587 25 15 4119 2173 13 576 100 228
Atom number 20192 42 587 25 15 6794 2173 13 576 100 228
Atom fraction 65.68 0.14 1.91 0.08 0.05 22.10 7.07 0.04 1.87 0.33 0.74
Error 0.27 0.02 0.09 0.02 0.01 0.21 0.16 0.01 0.08 0.04 0.05
Direct observation of hydrogen-trapping sites in newly developed high-strength mooring chain steel by atom probe tomography 451[21–23], Cr and Mn are observably enriched in the cementite,
consistent with the carbide-forming tendencies of these elements
[24]. While Ni, a non-carbide-forming element, is depleted in
cementite and concentrated in the matrix adjacent to the cementite
and Si is slightly concentrated adjacent to cementite interface as a
result of the expected rejection of Si from cementite [22,23]. It
deduced that the right region in Fig. 4 may not be cementite.
However, according to the report [25], Cr atoms are enriched in
reverted austenite, whereas P atoms are fully rejected from
reversed austenite. In additions, hydrogen atoms in austenite are
known to be about two orders of magnitude more than that in
ferrite [26]. It suggests that the right region corresponds possibly
to a retained austenite phase while the left region corresponds to
the matrix α-Fe. The deduction of retained austenite is well in
agreement with the TEM result as shown in Fig. 1e. Hydrogen is
markedly enriched in the retained austenite phase compared with
the phenomena that hydrogen is weakly enriched in M7C3 carbides
before. On the basis of the previous reports [27–29], TRIP steels
are expected to be resistant to hydrogen embrittlement thanks to
their higher content of retained austenite, because retainedaustenite in steels forms favorable traps, which are able to bind
hydrogen strongly. Here, the retained austenite is observed to be
strong hydrogen-trapping sites directly from experiment.
Fig. 5 reveals a complicated 3DAP mapping which apparently
shows three regions in this high-strength mooring chain steel. C-
enriched region is surely thought to be carbide. Carbide-forming
elements, such as Cr, Mn, V and Mo, are also condensed in this
region. To afﬁrm the carbide type, carbide composition (listed in
Table 7) is decided by selecting a box as large as possible in this
carbide (see C map). After amending C content as above, the
average carbon atom fraction is 22.10% and the carbide is assured
to be M3C. The carbide type corresponds with the TEM results in
Fig. 1c and d.
More attention should be paid to the distributive behavior of H
and P in Fig. 5. Only a little H is found to be segregated (0.08 at%
H) in this carbide. By comparing the hydrogen fraction in Table 7
with that in Table 3, similar results illustrate that hydrogen could
be trapped by M3C as well as by M7C3. Analogously, P atoms are
found to be strongly segregated at the M3C carbide outer-ring as
around the M7C3 carbide (Fig. 2).
Table 8 Composition corresponding to the middle selected box in Fe map of Fig. 5.
Fe Si Mn H Al C Cr P Mo V Ni
Ion number 1293 34 12 5 1 14 6 1 33 1 18
Atom fraction 91.18 2.40 0.85 0.35 0.07 0.99 0.42 0.07 2.33 0.07 1.27
Error 0.75 0.41 0.24 0.16 0.07 0.26 0.17 0.07 0.40 0.07 0.30
X.Y. Cheng et al.452In addition, hydrogen atoms are mainly segregated in the region
between M3C carbide and matrix ferrite. The composition corre-
sponding to the middle selected box (5.91 3.06 1.61 nm3) in
Fe map of Fig. 5 is listed in Table 8. The fraction of each element
is similar to that in Table 5. Especially, H is greatly enriched in
this region (0.35 at%), but not around it. Besides, P is reﬂected
from this region and is not segregated at the interface between this
region and matrix ferrite. Moreover, P element is known as having
a higher solubility in BCC structured ferrite than in FCC austenite
on equilibrium condition. Therefore, according to the fact that
reversed austenite should be formed along the martensitic interlath
boundaries [25], it is easy to deduce that this region may be
retained austenite near the carbide at lath interfaces as seen in
TEM observation (Fig. 1e).
From the analyses of the three typical 3DAP mappings above,
we attained some unexpected results. Retained austenite contains
more hydrogen atoms than carbides do. These interfaces between
ferrite and carbide in our work are mainly segregated by phosphorus,
not by hydrogen. Now, we may have a question why the
investigation before has shown that hydrogen is preferentially
located on martensite–martensite, martensite–ferrite, ferrite–car-
bide interfaces or grain boundaries [5–8]. One possible reason may
be due to the lack of spatial resolution. Retained austenite always
exists as a ﬁlm along martensitic interlath boundaries or prior
austenite grain boundaries, and therefore, even hydrogen enriched
in retained austenite. It may be considered that hydrogen is located
along martensitic interlath boundaries or grain boundaries by
accident. Another possible reason may be that ferrite–carbide
interfaces in this steel occupied preferably by phosphorus and
hydrogen may be inhibited to segregate on these sites.4. Conclusions
To illustrate possible hydrogen-trapping sites in a new developed
high-strength mooring chain steel, TEM and 3DAP were
employed to investigate and following conclusions were obtained.
1. Retained austenite phase is preferential hydrogen-trapping
sites, while carbides are subsidiary ones.
2. Interfaces between ferrite and carbide in this work are mainly
segregated by phosphorus, but do not admit hydrogen.Acknowledgments
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